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INTRODUCTION

Tumor progression is a multi-step process that ultimately results in uncontrolled
proliferation. While the proliferation of non-transformed cells depends on mitogenic stimulation
and adhesion to the extracellular matrix (ECM), the proliferation of tumor cells is typically
mitogen- and anchorage-independent. Tumor cells have deregulated the signal transduction and
cell cycle events controlled by mito gens and adhesion to the ECM. If we understand the normal
controls on cell cycle progression, we can begin to define the aberrations that lead to autonomous
growth and tumorigenesis.

The G1 phase of the cell cycle is the site of integration of numerous extracellular growth
regulatory signals. Progression through G1 phase is controlled by the GI phase cyclin-
dependent kinases (cdks), cdk4 (or cdk6) and cdk2 (1, 2). The activities of these enzymes are
determined by the relative levels of their associated cyclins and cyclin-dependent kinase
inhibitors. Cyclin D1 is typically induced in mid-G1 phase, where it binds to and activates cdk4
or cdk6. Active cyclin D-cdk4/6 phosphorylates the C-terminal domain of the retinoblastoma
protein (pRb), an event that contributes to PRb inactivation by blocking the binding of histone
deacetylase (3). The inactivation of PRD, in turn, results in the expression of E2F-regulated
genes, including cyclins E and A (4). Cyclin D-cdk4/6 complexes also sequester cip/kip-family
cdk inhibitors, thereby contributing to the activation of cyclin E-cdk2 (2).  Since the induction
of cyclin D1 is often the rate-limiting step in formation of cyclin D-cdk4/6 complexes, the
mechanisms that control the induction of cyclin D1 are thought to play a significant role in
controlling cell cycle progression through G1 phase.

The extracellular signal-regulated kinase (ERK), phosphatidylinositol 3-kinase (PI3-
kinase) and the Rho family GTPase, rac signaling pathways have been linked to cyclin D1
expression. The role of ERK in cyclin D1 regulation is well established in several cell types
(57). The duration of the ERK signal determines whether cells will express cyclin D1 (8, 9).
The induction of cyclin D1 requires activation of ERK in mid-G1 phase (8) and growth factor
receptor and integrin signaling synergize to sustain ERK activity into mid-G1 phase (10). PI3-
kinase has been reported to contribute to cyclin DI mRNA induction (11, 12) and cyclin D1
mRNA ftranslation (13). Stimulation of a PI 3-kinase-Akt-GSK-3B pathway results in the
stabilization of cyclin D1 protein (14). Others have also observed that activated rac will
induce cyclin D1 expression (11, 15, 16) and that this effect is ERK-independent (11, 16). Rac
also stimulates the translation of cyclin D1 mRNA, in endothelial cells (17). Since PI 3-kinase
can interact with rac either upstream or downstream of the GTPase (18), perhaps PI 3-kinase
and rac share a signaling pathway leading to cyclin D1 expression.

We recently reported that the Rho-Rho kinase pathway has a dual function in regulating
cyclin D1 gene expression in NIH-3T3 fibroblasts: it allows for sustained ERK activity
(defined as activity occurring between 3-9 h after mitogenic stimulation of quiescent cells) and
the consequent mid-G1 phase (9 h) induction of cyclin D1 mRNA, while suppressing an
alternative rac/cdc42 pathway that leads to an early (1-3 h) G1 phase induction of cyclin D1
mRNA (19). In some reports, inhibition of Rho prevents the expression of cyclin D1
altogether (20) presumably because rac/cdc4? signaling to cyclin DI mRNA is absent. Thus,




the signaling pathways (ERK vs rac) that a cell can respond to for cyclin D1 expression may
have important implications for that cell’s prolif eration.

My work in the last 6 months had two main goals: i) to examine the consequences of
rac-mediated cyclin D1 induction on G1 phase cell cycle progression, and ii) to identify the
pathways that regulate the rac pathway to cyclin D1 expression.

Implications for breast cancer:

Cyclin D1 expression is critical for normal mammary epithelial proliferation.
Homozygous deletion of the cyclin D1 gene leads to a reduction in mammary gland development
during pregnancy (21), indicating that this tissue lacks a compensatory mechanism for the loss of
cyclin D1.  Conversely, overexpression of cyclin D1 is linked to the development of breast
epithelial tumors. Targeted overexpression of cyclin D1 causes hyperplasia and adenocarcinoma
in mammary glands in mice as they reach puberty (22). Also, cyclin D1 is overexpressed in 50-
80% of human breast cancers (23). Since only 15% of these can be accounted for by gene
amplification, it is interesting to note that several signaling pathways that regulate cyclin D1
expression are defective in tumorigenic breast epithelial. Neu is overexpressed in 20-30% of
human breast tumors (24) and cyclin D1 protein levels are increased in response to
overexpressed Neu through pathways involving ras, rac, Rho, ERK, JNK and p38 (7).
Constitutive activation of NF kappa B nuclear factor (NF-xB) is observed in breast cancer cell
lines (25) and has been proposed to control the aberrant cyclin D1 expression (26). And notably,
rac-mediated cyclin D1 induction was shown to require NF-xB (27).




BODY OF WORK

Experimental procedures:

Cell culture, transient transfections and inhibitor treatments

MEFs were transiently transfected with plasmids encoding the Rho-binding domain of
thothekin (RBD), dominant negative (CAT-KD) Rho kinase, the p21 binding domain of PAK
(PBD), dominant negative LIMK or pCDNA3 (empty vector), serum-starved, seeded in 100-mm
culture (~10° cells) and stimulated with 10 ml 10% FBS-DMEM as described.[Welsh, 2001 #39]
In other experiments, quiescent MEFs were trypsinized, suspended in DMEM-BSA, and
pretreated (30 min at 37°C) with the Rho kinase inhibitor, Y-27632 (10 uM; Tocris), U0126 (50
- uM; Promega), or DMSO (vehicle) prior to serum-stimulation and reseeding as described above.

NIH-3T3 fibroblasts stably expressing o5™™B1™" chimeric integrin (ha5-3T3) have
been characterized previously, and the results showed that expression of the chimeric integrin
had no effect on the rate G1 phase progression or on the cooperative signaling between RTKs
and integrins (10). Quiescent ha5-3T3 cells (1.5-1.8 x 10° cells) were suspended in 10 ml
serum-free defined medium (10), pretreated (for 30 min at 37°C) with 10 uM ML-7 (Biomol) or
DMSO (vehicle) and then stimulated with bFGF (10 ng/ml final concentration; Life
Technologies) and immediately plated on 100-mm culture dishes that were coated with
fibronectin (Calbiochem; 0.1 mg/10 ml) or anti-a5B1 (Life Technologies; 1.2 mg/10 ml) as
described (10).

Fluorescent microscopy

Quiescent MEFs (2-2.5 x 10°) were seeded on coverslips in 35-mm dishes with 2 ml 10%
FBS-DMEM, fixed and permeabilized (10). Actin was stained with fluorescein-phalloidin (1-1.5
units/ml; 30 min). For vinculin or HA staining, the permeabilized cells were incubated
sequentially with anti-vinculin (Sigma; 1:100 dilution for 2 h) or anti-HA (xx; 1:100 dilution for
1 h) and rhodamine-conjugated anti-mouse IgG (Jackson Lab; 1:300 dilution for 1 h). Cell
nuclei were stained with Dapi. To analyze S phase entry, the stimulation with 10% FCS was
performed in the presence of 3 ug/ml BrdU; permeabilized cells were incubated with DNAase
(140 Ulul) and anti-BrdU (BioDesign M20105S; diluted 500-fold; 1 h) and then FITC-
conjugated anti-sheep IgG (Jackson Laboratories; diluted 200-fold; 1 h). Images were obtained
by epifluoresence microscopy under oil at 40 X magnification, captured using a Hamamatsu
digital CCD camera, and analyzed with Openlab Imaging System software.

Extraction and immunoblotting

At specified times following stimulation, cells were washed once with PBS containing
1 mM vanadate, scraped, collected by centrifugation, and quick frozen on dry ice prior to lysis.
Frozen cell pellets were lysed as described.[Roovers, 1999 #41] Approximately 60 ug of protein
(by Bio-Rad protein assay) were fractionated on reducing SDS-gels (12% acrylamide) and
analyzed by western blotting with antibodies specific for cyclin D1 (Santa Cruz, sc-8396), cyclin
E (Santa Cruz, sc-481), p21°"' (Santa Cruz, sc-6246), p27°%" (Transduction Lab, K25020), cdk2




(UBL, 06-505), cdk4 (Santa Cruz, sc-260), ERK (Transduction Lab M12320) and phosphoERK
(Cell Signaling 9101S). .

In vitro cyclin D1-cdk4 and cyclin E-cdk? kinase assays

Cyclin D1-cdk4 kinase assays using GST-Rb as a substrate were performed as described
(19). For cyclin E-cdk?2 kinase assays, cell pellets were extracted in 100 ul of freshly prepared
lysis buffer (50 mM Tris-HC1 pH 8, 250 mM NaCl, 5mM MgCl,, 0.1% NP-40, 10 pg/ml
aprotinin, 10 pg/ml leupeptin, ImM PMSF, 50 mM NaF, 10 mM Na;VO,). Equal amounts of
cell lysate (250-300 pg in 100 pl lysis buffer) were incubated with 2 pg anti-cyclin E (Santa
Cruz, sc-481) for 2 h on ice and then with 50 pl washed protein A-agarose (Invitrogen) for 2 h at
4°C with rocking. Collected immunoprecipitates were washed once with cold lysis buffer and
then four times with cold kinase reaction buffer (20 mM HEPES pH 8, 10 mM MgCl,, 0.1 mM
DTT, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 5 mM NaF, 10 mM Na;VO,). The washed
immunoprecipitates were suspended in 50 pl kinase reaction buffer, containing 1 pg histone H1
(UBI), 10 uM ATP and 20 uCi 8**P-ATP (3000 Ci/mmol). Kinase reactions were stopped with
2 x SDS sample buffer, the samples were fractionated on reducing SDS-gels, and transferred to
nitrocellulose membranes. The amount of **P-histone H1 was visualized by exposure to film.
Filters were then immunoblotted with anti-cdk2 to monitor the amount of c¢dk2 in the cyclin E
Immunoprecipitates.

Results:

We recently described that in NIH-3T3 fibroblasts, the Rho-Rho kinase pathway is
required for sustained ERK activity and thereby helps to restrict the expression of cyclin D1 to
mid-G1 phase (10, 19). Moreover, Rho-Rho kinase suppresses an alternative rac/cdc42 pathway
that results in the induction of cyclin D1 in early G1 phase (19). These pathways (ERK vs rac)
regulating the timing of cyclin D1 expression within G1 phase are parallel and independent and
it is Rho kinase activity that determines which pathway is used. The Rho-Rho kinase pathway is
best characterized for its positive effect on stress fiber and focal adhesion formation (reviewed in
(28). Thus, I decided to examine the regulation and consequences of rac-mediated cyclin D1
expression in the context of stress fiber formation.

Mouse embryo fibroblasts (MEFs) transiently transfected with expression vectors
encoding the RBD (a selective Rho inhibitor), dominant negative Rho kinase, or empty vector
(control) were rendered quiescent by serum-starvation, and then replated at subconfluence with
10% serum. Alternatively, cells were treated with Y-27632 (a selective pharmacological
inhibitor of Rho kinase). In control cells (vector or DMSO) actin was organized into well-
defined stress fibers and vinculin staining was punctate characteristic of focal adhesion formation
(Fig. 1). As expected, inhibition of either Rho or Rho kinase blocked the formation of actin
stress fibers and punctate vinculin staining (Fig. 1).
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Figure 1. Inhibition of Rho/Rho kinase disrupts stress fiber formation. MEFs were transiently
transfected [with empty vector, the RBD expression vector, or a dominant negative (dn) Rho
kinase expression vector] and then serum-starved, or serum-starved and then pretreated with
DMSO (vehicle) or 10 uM Y-27632.. The cells were plated at subconfluence in dishes containing
coverslips, and stimulated with 10% FBS. Coverslips were collected at 18 h, fixed,
permeabilized and analyzed for f-actin and vinculin by fluorescence microscopy (bar = 5 um).

Consistent with our results in NIH-3T3 fibroblasts, I found that inhibition of either Rho
or Rho kinase in MEFs blocked sustained ERK activity (3-9 h) and allowed for the induction of
cyclin D1 in early G1 phase (Fig. 2A and B; 3 h). Inhibition of either Rho or Rho kinase also led
to the formation of catalytically active cyclin D1-cdk4 complexes in early G1 phase (Fig. 2B; 3
h). The mid-G1 phase induction of cyclin D1 was blocked by inhibition of MEK/ERK signaling
with U0126 but resistant to inhibition of rac/cdc42 signaling by the p21-binding domain of PAK
(PBD) (Fig. 2C, compare control, U0126, and PBD; 9h -Y-27632). Conversely, the early Gl
phase expression of cyclin D1 seen in Rho kinase-inhibited cells was unaffected by U0126 and
blocked by expression of the PBD (Fig. 2C, compare control, U0126, and PBD; 3 and 9 h +Y-
27632). These results show that ERK-dependent cyclin D1 expression is dependent on Rho
kinase-mediated stress fiber formation while rac/cdc42-dependent cyclin D1 expression proceeds
normally even after disruption of Rho kinase-dependent stress fibers.

In general, cell proliferation is thought to dependent upon organization of the actin
cytoskeleton. Studies with inhibitors of actin polymerization and targeted disruption of
isometric tension implicate actin-dependent stress fiber formation in cycle progression through
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Figure 2. Rac/cdc42-mediated cyclin D1 expression occurs in the absence of stress fibers. In 4,
serum-starved MEFs transiently transfected with the RBD expression vector or pretreated with
Y-27632 were plated at subconfluence and stimulated with 10% FBS. Collected cells were
analyzed for the activation of ERK by immunoblotting with an antibody specific for dually
phosphorylated ERK1 and ERK2 or by gel-shift with anti-ERK (the upper arrows in each set
indicate the activated ERK) and for the expression of cyclin D1 and cdk4 (loading control). In
B, MEFs transiently transfected with empty vector, the RBD expression vector or the dominant
negative (dom neg) Rho kinase expression vector were stimulated with 10% FBS. Collected cells
were lysed and analyzed for the expression of cyclin D1 and cdk4 or incubated with anti-cdk4
and immunoprecipitates were used to assess in vitro cdk4 kinase activity by phosphorylation of
GST-Rb protein. The amount of immunoprecipitated (IP) cdk4 was assessed by immunoblotting
(IB) using filters from the kinase assay. In C, MEFs transiently transfected with empty vector
(control) or the PBD expression vector were serum-starved and preincubated with 50 uM U0126
(Promega), 10 uM Y-27632 or both U0126 and Y-27632. The cells were then reseeded at
subconfluence, stimulated with 10% FBS and analyzed as described for panel A.

G1 phase, particularly cyclin D1 expression and the downregulation of p21°ip] and/or p27kipl (6,
29). Therefore, I asked what consequence rac-mediated cyclin D1 expression (which occurs in
the absence of stress fibers) has on G1 phase cell cycle progression.




Consistent with studies by others (30), inhibition of Rho signaling prevented the
downregulation of both p21°?! and p27“"! that normally occur in mid-late G1 phase (Fig. 3A).
The role of Rho kinase in regulating p21?" and p27“"' levels has yet to be resolved (31, 32), but
in agreement with Sahai et al. (32), we found that inhibition of Rho kinase did not prevent the
downregulation of p21°P" and p27""' (Fig. 3A; 9 and 15 h). Furthermore, cyclin E-cdk2 activity
was blocked when Rho was inhibited whereas cyclin E-cdk2 complexes were activated in both
control and Rho kinase-inhibited cells (Fig. 3B). Thus, Rho
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Figure 3. Rho kinase inhibition allows for p21°?" and p27°P" downregulation and cyclin E-cdk2
activity. Serum-starved MEFs transiently transfected with empty vector, the RBD expression
vector, or the dominant negative (dn) Rho kinase expression vector were plated at subconfluence
and stimulated with 10% FBS. In A, collected cells were lysed and were analyzed by
immunoblotting using antibodies specific for p21°°!, p27"%!, cyclin E or cdk2 (loading control).
In B, cell lysates were incubated with anti-cyclin E, and the collected immunoprecipitates (IP)
were used to assess in vitro cyclin E-cdk2 kinase activity by phosphorylation of histone HI. The
levels of cyclin E-associated cdk2 was determined by immunoblotting (IB) using filters from the
kinase assay.

kinase-dependent stress fiber formation is not required for the downregulation of p21Cipl and
p27°P! or for the activation of cyclin E-cdk2 in MEFs. In fact, Rho kinase inhibition even led to
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the activation of cyclin E-cdk2 earlier in G1 phase when compared to control cells (Fig. 3B; 6 h).
Since Rho kinase inhibition does not alter the levels of cyclin E, cdk?2, or its inhibitors (Fig. 3A),
the premature activation of cyclin E-cdk2 is the likely consequence of p21°P! and p27<%!
sequestration by the early G1 phase cyclin D1-cdk4 complexes (2). Together, Figs. 2 and 3
indicate that the only function of stress fibers in MEFs is to sustain ERK activity and thereby
permit the mid-G1 phase induction of cyclin D1.

Quiescent MEFs transiently transfected with RBD or dominant negative Rho kinase were
then serum-stimulated at subconflence to assess the effects of Rho and Rho kinase inhibition on
cell cycle progression into S phase. Rho inhibition blocked S phase entry (Fig. 4A, compare
vector and RBD), but inhibition of Rho kinase accelerated S phase entry by ~4 h (Fig. 4,
compare vector and dn Rho kinase). A similar ~4 h acceleration of S phase entry was observed
when Rho kinase was inhibited with Y-27632 (Fig. 4). Both flow cytometry and
immunoblotting for the induction of cyclin A (a marker of S phase entry) also demonstrated a
similar ~ 4 h shortening of G1 phase upon inhibition of Rho kinase (not shown).  Thus, when
Rho kinase is inhibited, the premature activation of cyclin D1-cdk4 and cyclin B-cdk2 is
associated with a shortening of G1 phase. This finding -- that the duration of G1 phase is
actually decreased upon inhibition of Rho kinase -- strongly argues that a small number of
residual stress fibers does not account for the absence of G1 phase arrest in Rho kinase-inhibited
MEFs. The accompanying change in cyclin D1 regulation, from sustained ERK to rac/cdc42,
also supports this conclusion.

100

Figure 4. Inhibition of Rho kinase
supports Gl  phase cell cycle
progression and entry into S phase.
MEF's were transiently transfected [with
empty vector, the RBD expression
vector, or a dominant negative (dn) Rho
kinase expression vector] and then
serum-starved, or serum-starved and
then pretreated with DMSO (vehicle) or
10 uM Y-27632. The cells were plated
at subconfluence in dishes containing
coverslips, and stimulated with 10%
FBS.  Coverslips were collected and
fixed at the indicated times for an
analysis of S phase entry by BrdU
incorporation.
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Stimulation with serum {h) The Gl arest seen upon
Inactivation of Rho, even when cyclin
D1 1s expressed, is consistent with the idea that actin stress fiber formation is required for cell
cycle progression (19). However, inhibition of Rho has effects that go well beyond the
disruption of stress fibers (33). The specific inhibition of Rho kinase allows for rac-mediated
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cyclin D1 induction, the downregulation p21°"! and p27**', and S phase entry. Thus, my data
show that Rho kinase-dependent stress fibers are not intrinsically required for G1 phase cell
cycle progression.

Since the loss of stress fibers (i.e. Rho or Rho kinase inhibition) is associated with rac-
mediated cyclin D1 induction, I next asked whether the suppression of early cyclin D1
expression by rac was specifically attributable to inhibition of stress fiber formation. Stress fiber
formation is largely regulated by myosin light chain (MLC) phosphorylation which is mediated
by MLC kinase (MLCK) and promotes both myosin filament assembly and actin-activated
myosin ATPase activity (34). I inhibited stress fiber formation by treating ha5-3T3 fibroblasts
with ML-7 (a selective inhibitor of MLCK; Fig. 5A). Cyclin D1 expression was completely
blocked by ML-7 (Fig. 5B) which, although consistent with the block in sustained ERK activity,
indicates that disruption of stress fibers per se does not relieve the suppression on the rac-
mediated pathway to cyclin D1.

Figure 5. Stress fibers
are required to cluster
integrins for sustained

PN anti-o541 ERK activity but they
are not involved in
actin suppressing the rac
pathway to cyclin DI
expression. Quiescent
has-3T3  fibroblasts
vineulin | yyere pretreated with
DMSO or - ML-7,
seeded on fibronectin
(FN) or anti-a5pI-

A

DMSO ML-7

B DMSO ML-7 coated dishes
FN anti-a5p1 FN anti-o5p1 containing  coverslips

Sgﬁ;?; e i e i i and stimulated with
- - bFGF. In A, cells were

PRk~ == mE - - fixed after 6 h and

stained for f-actin and
vinculin. Scale bar =
5 um. In B, cells were
: collected at the
01369 1369 013639 13639 indicated times, lysed,

Incubation with bFGF (h) and  analyzed  for
activation of ERK by

cyclin D1 . i

gel-shift of ERKI and 2 (arrows) and by direct detection of dually phosphorylated ERKs (pERK).
Cell lysates were also analyzed for cyclin DI expression and cdk4 (loading control) by
immunoblotting.

Interestingly, when ML-7-treated cells were plated on anti-a5B1, stress fiber formation
remained efficiently inhibited but punctate vinculin staining was restored (Fig. SA) and rescued
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sustained ERK activity and mid-G1 phase cyclin D1 expression. Since vinculin interacts with 31
integrin tails (35), these data strongly argue that plating cells on anti-o5p1 allowed for integrin
clustering even in the absence of stress fibers. The effect of anti-o5p1 on ERK signal duration
was not blocked by cycloheximide, indicating that it was not a consequence of secreted matrix
proteins, and required bFGF, indicating that the preparation of anti-o5p1 was not mitogenic in
itself (10); our unpublished data). Thus, integrin clustering is required to sustain ERK activity.

My results indicate that, while stress fibers regulate sustained ERK activity by acting
upstream of integrins to maintain their clustering and signaling, stress fibers are not involved in
the suppression of rac-mediated pathway to cyclin D1 induction. Therefore, there is a Rho
kinase effector that functions to suppress the rac pathway to cyclin D1 expression independently
of stress fiber formation. I am currently working to identify this Rho kinase effector and further
clucidate the mechanism responsible for the regulation of rac-mediated cyclin D1 induction.

13




Key Research Accomplishments:

Rho kinase-dependent stress fibers are required for ERK-dependent induction of mid-G1
phase cyclin D1 but not for rac/cdc42-dependent induction of early G1 phase cyclin D1.

Selective disruption of Rho kinase-dependent stress fibers does not inhibit G1 cell cycle
progression.

The effect of stress fibers on integrin clustering explains how the Rho-Rho kinase
pathway regulates sustained ERK activity.

Stress fibers do not suppress the rac-mediated pathway to cyclin D1 expression,
indicating that a Rho kinase effector has a role in cyclin D1 regulation, independent of
stress fiber formation.

Reportable outcomes:

2)
b)
c)
d)
e)
f)

g)
h)

manuscripts: one, recently submitted for review
publications: none |
abstracts: one

patents and licenses applied for: none

degrees obtained: none

development of cell lines: none

funding applied for: none '

employment opportunities applied for: none




Conclusions:

My work demonstrated that Rho kinase inhibition allows for rac-mediated cyclin D1
expression and, despite the loss of stress fibers, supports G1 phase cell cycle progression. While
stress fibers are required for sustained ERK-dependent cyclin D1 expression, they are not
involved in the suppression of the rac pathway to cyclin D1 induction by Rho kinase. The use of
different signal transduction mechanisms regulating cyclin D1 (rac/cdc4?2 vs. sustained ERK) can
confer distinct proliferative properties to cells. For example, selective activation of rac/cdc42
signaling might allow for cell proliferation under conditions where adhesion-dependent
forméfion of stress fibers is compromised, which may be an important step in tumorigenesis. An
understanding of the complex signal transduction pathways involved in the regulation of cyclin
D1 expression in normal cells will allow us to define the aberrant pathways in tumor cells.
Presently, my work is focused on elucidating the mechanism by which Rho kinase suppresses the
rac-mediated induction of cyclin D1. In the future, the lab will examine the signaling pathways
involved in the regulation of cyclin D1 induction in normal and tumorigenic breast cell lines,
using the model established in fibroblasts as a framework. This research may provide a target
signaling molecule that when interfered with would ablate the overexpressed cyclin D1 that is so
prevalent in malignant breast epithelial cells.
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APPENDIX

Abstract presented at Gordon Research Conference 2002 — Signaﬁhg by Adhesion Receptors
G1 phase cell cycle progression in the absence of Rho kinase-dependent stress fibers
Kristin Roovers and Richard K. Assoian

We previously demonstrated that Rho/Rho kinase controls the timing of cyclin D1
expression within G1 phase of fibroblasts. Rho kinase is involved in sustaining the ERK activity
required for mid-G1 cyclin D1 expression and it also suppresses a rac/cdc42-mediated pathway
leading to early G1 phase cyclin D1 expression. We now report that although inhibition of either
Rho or Rho kinase allowed rac/cdc42-induced cyclin D1 expression and cdk4 activity in early
G1 phase, cells with Rho inhibited arrested in G1 phase (due to an inhibition of cdk2 activity),
whereas cells with Rho kinase inhibited effectively activated cdk2 and progressed into S phase.
Thus, selective targeting of Rho kinase demonstrates that stress fibers are not intrinsically
required for G1 phase cell cycle progression. The consequence of stress fiber formation and
disruption depends on the relative importance of ERK vs. rac/cdc42 signaling in the induction of
cyclin D1. The apparent redundancy in the signal transduction systems regulating cyclin D1
actually allows for proliferation under distinct growth conditions.
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